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Activation of Na:2C1:K cotransport by luminal chloride in macula
densa cells. Changes in macula densa intracellular pH (pH1) were used to
monitor the direction of flux mediated by the apical Na:2C1:K cotrans-
porter. At the macula densa, a decrease in luminal [Cl] ([Cl]1) from 60 to
1 m produced cellular alkalinization secondaiy to a cascade of events
involving a decrease in apical Na:2C1:K cotransport, a fall in intracellular
[Nal ([Na]1) and a stimulation of Na:H exchange. This is supported by the
fact that 97% of the change in macula densa pH1 with reduction in [Cl]1
was bumetanide-sensitive whereas 92% of this pH change was amiloride-
sensitive. We found that, in the presence of 20 ms Na and 5 mtt K, a [Cl]1
of 14.3 2.4 mi (N = 7)produced equilibrium of the apical cotransporter
since the pH1 obtained under this condition was identical to the pH1 found
after reducing the net ionic flux to zero with bumetanide. Using this value
together with the expected stoichiometry for the bumetanide-sensitive
cotransporter, it was estimated that the intracellular [Cl] ([Cl]1) at
equilibrium (or in the presence of bumetanide) could be as low as 5 mM.
Also, using a Hill number of 2 which is consistent with the present data,
the affinity for [Cl]1 was found to be 32.5 m. Under physiological luminal
conditions prevailing at the end of the thick ascending limb (—3.5 mri K,
and —25 to 30 mi NaCI), macula densa cells are probably operating close
to equilibrium while maintaining a small net reabsorption of Na/K and Cl.
Since macula densa cells appear capable of reducing [Cl]1 to very low
levels, a reabsorptive flux should continue to occur until [NaCI]1 is reduced
to 18 ms&
Recent electrophysiological data from macula densa cells have
established the presence of a furosemide-sensitive apical Na:
2C1:K cotransporter which is thought to act as a sensor by which
macula densa cells may detect changes in luminal [NaCl] ([NaC1]1)
[1—4]. Inhibition of the cotransporter with furosemide or bumet-
anide produces a large effect on membrane potential presumably
through alterations in intracellular [Cl] ([Cl],) in the presence of
a Cl-conductive basolateral membrane [2, 4]. Our previous finding
that furosemide depolarized macula densa cells in the presence of
25 mtvi [NaC1]1 while it seemed to hyperpolarize cells in the
presence of 150 mrvi [NaCI]1 [1, 3], was interpreted as evidence
that the Na:2C1:K cotransporter secreted NaC1 into the lumen at
low [NaCI]1 and reversed to reabsorb NaC1 at some intermediate
[NaC1]1 between 25 and 150 m. Since [NaCl]1 measured in the
early distal fluid is —40 to 70 mtvi [5, 6], it was tempting to
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speculate that macula densa cells might be at or near the
equilibrium point of the Na:2C1:K cotransporter under normal
conditions.
The purpose of the present study was to further evaluate NaC1
transport in macula densa cells with emphasis on estimating the
equilibrium point of the cotransporter under physiological condi-
tions. It was therefore necessary to develop a method to monitor
flux through the apical cotransporter that was not dependent upon
the use of microelectrodes in order to avoid any possible alter-
ations in transmembrane ionic gradients that may occur upon cell
impalement. Our method is based on measurements of intracel-
lular pH (pH,) with the fluorescent probe 2',7'-bis-2-carboxyethyl-
5(and -6)carboxyfluorescein (BCECF). As shown in the accom-
panying paper [7], the presence of an amiloride-sensitive Na:H
exchanger at the apical membrane of macula densa cells has been
demonstrated. We noticed that luminal administration of furo-
semide or bumetanide in the presence of 25 mtvi [NaC1]1 alkalin-
ized macula densa cells, suggesting that inhibition of apical
Na:2Cl:K cotransport induced a reduction in intracellular [Na]
([Na],) which in turn activated the Na:H exchanger. Further
experiments have supported the fact that, at constant [Na]1,
measurements of macula densa pH1 might serve as an index of the
Na:2C1:K transport activity. Comparing the effect of different
[Cl]1's to the effect of bumetanide on macula densa pH1, we were
able to determine the [Cl]1 at which the Na:2C1:K cotransporter
was at equilibrium. Results suggest that the apical Na:2C1:K
cotransporter is normally reabsorbing NaC1 but is operating quite
close to its equilibrium under physiological conditions.
Methods
Perfusion
The techniques used in these studies were similar to those
described in previous papers from our laboratories [1—3]. Briefly,
cortical thick ascending limbs (CTAL) with attached glomeruli
were dissected from the midcortical region of kidneys from New
Zealand white female rabbits. The CTAL was transferred to a
thermoregulated Lucite chamber mounted on an inverted Zeiss
microscope and cannulated with concentric pipettes as originally
described by Burg et al [8]. The distal end of the tubule was left
open to the bath and a holding pipette was placed on top of the
glomerulus in order to stabilize and position the preparation.
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The tubule was bathed at 39°C in a solution containing (in mM):
137 NaC1, 5 K-gluconate, 1 MgSO4, 1.35 CaC12, 1.2 Na2HPO4, 0.3
NaH2PO4, 5 glucose, 10 mannitol, 10 N-2-hydroxyethylpipera-
zine-N'-2-ethane-sulfonic acid (Hepes) and 7.2 Tris-(hydroxy-
methyl)-aminomethane. Since [NaC1]'s were close to 140 m, this
solution was designated as the 140/140 solution (that is, Na over
Cl concentrations). The luminal perfusate had the same conipo-
sition except that the [NaC1J was reduced by replacing Na with
N-methyl-D-glucamine and Cl by cyclamate. Unless otherwise
stated, the final [Na] was always 20 m and the [Cl] was adjusted
to 1, 5, 10, 20, 30, 60 and 140 m. Perfusate solutions were
respectively called 20/1, 20/5, 20/10, etc. For all solutions, pH was
adjusted to 7.4 after bubbling with 100% 02 and the osmolality
was maintained at 300 mosm/kg. In some experiments either 1
mM amiloride, 5 j.LM bumetanide or 10 .tM nigericin (all three
compounds from Sigma Chemical Co., St. Louis, MO, USA) were
added to the luminal or basolateral solutions from concentrated
stock solutions using ethanol as solvent. The solvent concentra-
tion in the final solution never exceeded 0.2%.
Fluorescence
Upon cannulation of the CTAL, tubules were perfused and
bathed in the 140/140 solution. The glomerulus was positioned
and held at the bottom of the chamber using a glass pipette in
such a way that the macula densa plaque could be directly view
with a 40x objective (Nikon Fluor-40). The tubule was exposed to
excitation light (500 or 450 nm) from a dual excitation spec-
trofluorimeter (model CM-Ill; Spex Industries, Edisson, NJ,
USA) while monitoring counts (at 535 nm) through a window
positioned directly over the macula densa plaque. Over the course
of the experiment, the position of the macula densa plaque within
the photometer window was carefully verified. Experiments were
discarded if displacement of the macula densa was noted or if
there was a rapid fall in cps of both excitation wavelengths. Once
background counts were obtained, 5 M of the acetoxy-methyl
form of 2' ,7'-bis-2-carboxyethyl-5(and -6) carboxyfluorescein
(BCECF-AM) was added to the luminal perfusate and main-
tained in the lumen until counts for both excitations wavelengths
had increased by at least one order of magnitude. BCECF-AM
was removed from the lumen and [Na]1 was reduced to 20 m'vi
(20/140 solution). A stabilization period of five minutes was
allowed to elapse before starting experiments.
Calibration was performed in a separate series of tubules using
the nigericin method [9]. During the calibration procedure,
luminal and basolateral solutions were identical and contained in
mM: 120 KC1, 1 MgCl2, 2 NaH2PO4, 25 NaCl, 0.005 nigericin and
a mixture of Tris and Hepes (25 mM total) giving pH(s) of 6.6, 7.2,
7.4 and 7.8.
Statistics
Results are given as SE and N is number of tubules. Statistical
analysis was performed using the Student's t-test for paired data
and significance was set at P < 0.05.
Results
Effect of [Cl]1 on pH
Figure 1 presents the average response of pH1 to changes in
[Cl]1 from 140 to 1 m in the presence of 20 mrvi [Na11 and 5 mM
[K]1 (N = 8). In the presence of the 20/140 solution in the lumen,
[Cl]1, mM
Fig. 1. Effect of changes in [Cl]1 on p1-I,.. Luminal concentrations of Na and
K were 20 and 5 m, respectively, and were constant. Each average was
calculated using 7 to 8 independent experiments, where at least 4 different
[Cl]1 were tested. The line is a free hand regression fitted to the data. The
insert shows a calibration curve averaged from 4 independent determina-
tions using the nigericin method.
pH1 averaged 7,00 0.11 and increased to 7.50 0.19 with the
20/1 solution. Cl-induced alkalinization of 0.5 pH unit occurred
exclusively betveen 60 and 1 mrvi [Cl]1.
Mechanism of action
In the next series of seven paired experiments, we compared the
effects of decreasing [Cl]1 from a high concentration (either 140 or
60 mM) to 1 m in the presence or absence of 5 M luminal
bumetanide. In the absence of bumetanide, a reduction in [Cl]1 to
1 mM alkalinized macula densa cells by 0.56 0.07 pH units.
Addition of bumetanide to the 20/140 solution produced an
increase in pH1 from 7.07 0.13 to 7.54 0.21 and, in the
presence of bumetanide, reduction in [Cl]1 to 1 mrvi did not
significantly change pH, (+0.02 .03 pH unit, N = 7; Fig. 2A).
Since Cl-induced cell alkalinization was almost completely
(96.9%) blocked by bumetanide, we concluded that the effect of
[Cl]1 on macula densa cell pH reflects transport through the
bumetanide-sensitive Na:2C1:K cotransporter, and therefore pH,
measurements can be used to monitor apical cotransporter activ-
ity.
If the effects of reductions in [Cl]1 on pH, occur through a
reduction in [Na]1 and Na:H exchange, then this effect should be
sensitive to amiloride. A series of four paired experiments were
performed to determine if Cl-dependent alkalinization could be
attenuated by addition of 1 mivi amiloride to the luminal and
basolateral solution. In the absence of amiloride, reducing [Cl]1
from 140 (20/140 solution) to 5 mr'i (20/5 solution) alkalinized
macula densa cells by 0.47 0.05 pH unit (from 6.81 0.08 to
7.28 0.03, P < 0.05, N = 4). In the presence of amiloride and
20 mrvi Na, a similar reduction in [Cl]1 did not significantly change
pH, (from 6.84 0.08 to 6.88 0.07, NS, N = 4). Therefore,
91.6% of the Cl-induced cell alkalinization was amiloride-sensi-
tive (Fig. 2B). These results support the hypothesis that changes in
[Cl]1 alter [Na], through the apical Na:2C1:K cotransporter, which
5.0
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Fig. 2. Effect of bumetanide and amiloride on
the change in pH, induced by reduction of
[Cl]1from either 60 or 140 mM to 1 mM. A.
Significant inhibition (P < 0.001; N = 7) of the
effect of changes in [Cl]1 on pH by addition of
5 j.LM bumetanide in the lumen. B. Significant
inhibition (P < 0.005; N = 4) of the effect of
changes in [Cl]1 on pH by addition of 1 ms
amiloride to lumen and bath.
Fig. 3. EffIciency of cyclamate as a replacement
anion for CL A. A typical recording of pH1
when [Cl]1 was reduced from 140 to 5 mat (Cl
was replaced by cyclamate) and when 135 mM
cyclamate (together with the non-transported
cation N-methyl-D-glucamine) was replaced by
mannitol. B. The averaged effect of replacing
[Cl]1 with cyclamate compared to the effect of
replacing N-methyl-D-glucamine/cyclamate by
mannitol (N = 4). The effect of mannitol was
significantly different from the effect of
cyclamate (P < 0.05; N = 4).
in turn produces changes in pH1 through the activity of an
amiloride-sensitive Na:H exchanger.
Evaluation of cyclamate as the replacement anion for Cl
Additional experiments were performed to verify that cycla-
mate was not transported through the apical Na:2Cl:K cotrans-
porter and therefore was an adequate substitute for [Cl]1. In a
series of four experiments, pH, was measured while [Cl]1 was
reduced from 140 mM (20/140 solution) to 5 mat (20/5 solution).
N-methyl-D-glucamine and cyclamate in the 20/5 solution was
then replaced with mannitol, which reduced cyclamate concentra-
tion from 135 mM to 15 m and N-methyl-D-glucamine concen-
tration from 120 m to zero. Figure 3 shows a typical recording
together with the average change in pH, measured during Cl
replacement with cyclamate compared to replacement of N-
methyl-D-glucamine/cyclamate with mannitol. Reduction of [Cl]1
alkalinized macula densa cells by 0.39 0.06 pH unit (from 7.03
0.10 to 7.42 0.08, P < 0.01, N = 4), whereas replacement of
N-methyl-D-glucamine/cyclamate with mannitol further alkalin-
ized these cells by only 0.08 0.02 pH unit (P < 0.05, N = 4).
Considering the possible effects of reducing the ionic strength
with mannitol (Discussion), we conclude that cyclamate was an
adequate Cl substitute which was not transported to any signifi-
cant extent by the apical Na:2Cl:K cotransporter.
Determination of the equilibrium [Gilt for the Na:2C1:K apical
cotransporter
Since the effects of [Cl]1 on pH1 were completely bumetanide-
sensitive, it was possible to evaluate the [Cl]1 at which the
Na:2Cl:K transporter was at equilibrium by determining the [Cl]1
which produced the pH, obtained whenever bumetanide was
added to the luminal solution. For these experiments, different
[Cl]1 were tested before and after the addition of bumetanide.
Figure 4 illustrates a typical experiment where reductions in [Cl]1
alkalinized macula densa cells while addition of bumetanide
increased pH, and rendered the pH of macula densa cells
insensitive to changes in [Cl]1. Equilibrium [Cl]1 in the presence of
20 mat [Na]1 and 5 mat [K]1, was obtained from the intersection of
the two curves (with and without bumetanide) and averaged 14.3
2.4 mat in seven experiments of the type shown in Figure 4.
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Fig. 4. Detennination of the equilibrium [Cl]1 (/ Cl]xq,) by comparing the
effect of changes in [C1]1first in the absence (S) and then in the presence (0)
of bumetanide 5 jIM for a representative experiment. The lines used for
interpolation were free regressions.
Discussion
Transport properties of macula densa cells represent a funda-
mental factor in understanding the mechanism used by these cells
to detect changes in the luminal fluid composition and elicit
tubuloglomerular feedback signals. Recent studies have demon-
strated that macula densa cells possess a Na:2Cl:K cotransporter
[2, 41, a Na:H antiporter [7] and a K channel [4, 101 on the apical
membrane together with a Cl conductance at the basolateral
membrane [2, 4]. This transport scheme is similar to that de-
scribed for the CTAL [111; however, because of a rather low
density of basolateral Na-K-ATPase [12] in macula densa cells, it
was expected that macula densa cells may have a limited transport
capacity in comparison with CTAL. The observation that luminal
furosemide produced a small hyperpolarization of macula densa
cells when added to a 150 mi [NaCI]1 solution [1] while it
depolarized macula densa cells in the presence of 25 ifiM NaC1 [3]
suggested that the apical cotransporter was reabsorbing NaCl in
the first case but secreting it in the second case. This indicated that
the direction of ionic flux through the apical cotransporter might
reverse at some intermediate [NaCI]1 between 25 m and 150 mts,
possibly in the range from 25 to 50 m where macula densa cells
are the most sensitive to changes in luminal fluid composition
[13]. The possibility that macula densa cells operate close to the
equilibrium of the Na:2Cl:K cotransporter was attractive as it
would be an efficient and sensitive way to detect changes in
[NaC1]1. The energy requirement for NaC1 transport by macula
densa cells would then be minimal and alterations in [NaC1}1 could
effect both transport rate and the direction of NaCl transport.
To test this hypothesis, it was necessary to determine a set of
luminal Na, K and Cl concentrations that would result in equili-
bration of the apical Na:2Cl:K cotransporter. In past studies,
activity of the neutral apical cotransporter was indirectly observed
through the secondary effect that Na:2C1:K cotransport had on
intracellular [Cl] and therefore on membrane potential [3]. Elec-
trophysiological measurements with conventional microelectrodes
are very difficult to perform on macula densa cells, and a
substantial variation in baseline basolateral membrane potentials
was observed from impalement to impalement. This prompted us
to look for a less invasive method to monitor the activity of the
Na:2C1:K cotransporter. We found that pH1 measurements with
BCECF constitute a convenient and sensitive method to measure
this activity. Experiments reported in Figures 2 and 4 clearly
demonstrate that [Cl]1 can affect pH1 through a single apical
transport mechanism: the bumetanide-sensitive Na:2Cl:K cotrans-
porter. The absence of an effect of Cl on macula densa pH1 in the
presence of bumetanide indicates that there is no significant
apical Cl/base exchange activity at least under our experimental
conditions (nominally bicarbonate -free solutions). In addition,
we found that the effect of [Cl]1 on pH1 was almost completely
inhibited by amiloride. The completeness of the amiloride inhibi-
tion shown in Figure 2B was probably due to the fact that luminal
Na which normally competes with amiloride for binding on the
150 exchanger [14] was only 20 m in these experiments.
The simplest explanation for the effect of [Cl]1 on pH1 is that an
elevation in [Cl11 results in an increase in transport rate of the
Na:2Cl:K cotransporter. This in turn produces an increase in
macula densa [Na]1 which triggers a cellular acidification through
the Na:H exchanger. For example, in the presence of 20 m Na
and a low [Cl]1, [Na]1 is probably less than 20 m and the Na:H
exchanger allows for Na entry and H extrusion. This assertion is
supported by the fact that pH1 decreased with Na:H exchanger
inhibition by amiloride under these conditions (pH1 —7.5 with the
20/5 solution but —6.9 if amiloride was added). At constant [Na]1,
an elevation in [Cl]1 would enhance transport and increase [Na]1,
resulting in a reduced Na gradient across the apical membrane
and diminished H extrusion (pH1 decreased from 7.5 to 7.0 upon
Cl addition; Fig. 1).
One important assumption in the interpretation of these results
is that cyclamate, which was used to replace Cl, was not trans-
ported by the Na:2Cl:K cotransporter. As reported by O'Grady,
Palfrey and Field [15], one of the two sites on the cotransporter
for Cl appears to have a limited selectivity and may accept some
large anions. The results in Figure 4 demonstrate that replace-
ment of cyclamate (and N-methyl-D-glucamine) with mannitol
produced a very small change in pH1 compared to the change in
pH1 produced by replacement of Cl with cyclamate. At this point,
it is not known if this small change in pH1 with mannitol
replacement was due to removal of cyclamate or N-methyl-D-
glucamine or some other effect such as a decrease in the ionic
strength of the luminal solution. This latter possibility might
involve an unmasking of fixed negative surface charges and a
decrease in the local concentration of Cl present near the apical
membrane. If pH1 obtained with mannitol represents the maximal
effect of removing 135 mtvi Cl from the luminal solution, then Cl
replacement with cyclamate would be quite efficient producing a
change in pH1 that was 83.9% of that obtained with mannitol
replacement.
The control experiments presented above show that pH1 mea-
surements can be used to detect the activity of the apical Na:2Cl:K
cotransporter. If, over the range of [Cl]1's used in these studies, no
saturation occurs in the relationship between ionic flux through
the cotransporter and [Na]1 as well as between Na:H exchanger
activity and [Na]1, then pH1 can be directly related to the
cotransport rate (.TNa:2ci:K) and described by the following equa-
tion:
pH1 = A * Na:2I:K (1)
[CIlEqui
0 50 100
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Fig. 5. The data to Fig. 1 were fitted with Eq. 3 using different Hill's numbers("n"). With a Hill's number of 2, the apparent affinity of the apical
Na:2C1:K cotransporter for [Cl]1 is 32.5 mM. (— —) n = 1; (---) n = 2; (S")
n = 3.
where pHBUM is the pH1 obtained after cotransporter inhibition
and "A" is a proportionality constant. Dividing the net flux
through the cotransporter between an efflux (E) and a [Cl]1-
dependent influx (using a maximal influx "I", a Cl affinity of "KM"
and a Hill number "n"), Eq. 1 becomes:
I J*[Cl]
pHj=pHB—A*I Ej+ [a]1 (2)
If changes in effiux following perturbations in [Cl]1 can be
neglected as a first approximation, Eq. 2 can be rearranged to
give:
I * [a]1'1
pH,=C—A*
KM'1+[Cl]1'1
where "C" is a constant. Figure 5 presents the best fits of Figure
1 data using Eq. 3 and different Hill numbers. Clearly, a Hill
number of 2 or more is required to adequately fit the data,
especially between 60 and 140 m where pH, was found to be
almost constant. Using a Hill number of 2 which is consistent with
the present data and the known stoichiometry of bumetanide-
sensitive transporters in other tissues, the affinity for luminal Cl
was found to be 32.5 m. The KM of the cotransporter for Cl is
quite similar to values reported for a variety of other tissues (KM
= 15 to 50 mM) [15, 16]. The Na:2Cl:K transporter from CTAL
has a KM for Cl of 50 mrvi [11], while the KM value for the
transporter recently cloned from shark rectal gland is 110 mrvt [17].
The effects of bumetanide on pH, can also be used to determine
the equilibrium [Cl]1 in the presence of 20 mM Na and 5 mrvi K.
The method used simply consists of finding the [Cl]1 that mimics
the effect of blocking the apical cotransporter with bumetanide.
Equilibrium values were found between 5 and 22 m and
averaged 14.3 2.4 mM (N = 7); this determination has several
implications. First, these low equilibrium values for [Na11 and [Cl]1
indicate that the cellular [Cl]1 can reach vely low values in the
presence of a loop diuretic (furosemide or bumetanide) or when
the transporter is at equilibrium. By definition, when the apical
cotransporter is at equilibrium, there is no change in the electro-
chemical potential of the transported ions during the transport
process. Using the stoichiometry of 1 Na, 2C1 and 1 K for the
bumetanide-sensitive cotransporter, the following relationship
must be observed at equilibrium.
RT ln{Na]1 + RT In{K]1 + 2RT In[Cl]1 = RT ln{Na]j + RT ln{K],
+ 2RT in [Cl]1 (4)
ENaj1 x [K]1 x = Na] x [K]1 X [a]12 (5)
Using the known luminal concentrations and the following rela-
(3) tionship as a rough estimate of [K]1 as a function of [Na]1,
[K]1(mM) = 120
— [Na]j (mM) (6)
one can estimate [Cl], as a function of [Na],. Figure 6 provides this
estimate together with the 95% confidence interval using the SE of
the average equilibrium [Cl]1. One can see that calculated [Cl]1 is
not very dependent on [Na]1 within the physiological range and is
extremely low when the apical cotransporter is at equilibrium
(between 1 and 6 mM; Fig. 6). While this value is in agreement
with earlier fluorescent studies of Salomonson et a! using the
fluorescent probe SPQ [18], it is significantly lower than more
recent determinations of [Cl]1 by the same group [191, where [Cl]1
was found to be 28.6 10 mrvi in the presence of furosemide. Such
a high [Cl]1 is in clear contradiction with Eqs. 5 and 6 and our
observation that the bumetanide-sensitive flux through the Na:
2C1:K cotransporter is equilibrated at a [Cl]1 of 14.3 mM. As
acknowledged by the authors, this discrepancy probably come
from an overestimation of [Cl], using SPQ since the value
reported for CTAL [19] is also much higher than the correspond-
ing value measured with ion-selective microelectrode [20]. It is
interesting to note that for CTAL, microelectrodes measurements
of [Cl], also show that [Cl]1 decreases to very low values (< 9 mM)
upon inhibition of the apical Na:2C1:K transporter with furo-
semide [20].
7.8 -
7.0 -
0
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10-
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Fig. 6. Prediction of the [Cl], based on the equilibrium concentration of
luminal Cl (14.3 mM), the stoichiomet,y of the Na:2C1:K cotransporter, the
[Na], and the assumption that [K], equals 120 — [Na]1 m. The range of
[Cl], corresponding to the 95% confidence interval is also illustrated.
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The second implication of the estimated equilibrium condition
of Na:2C1:K cotransport concerns the physiological operating
point of the apical Na:2C1:K cotransporter. In general, early distal
tubular fluid [NaCl] reported for the rat ranges between 40 and 70
mM [5, 6], while [K] is between 3 and 4 m'vi [21, 22]. It is
recognized that the composition of early distal fluid samples
represent an overestimation of actual [NaC1] at the macula densa
cells, since there is NaCl secretion between macula densa and
superficial loops of the distal tubule. More accurate estimations of
the macula densa [NaCl]1 have been obtained in micropuncture
experiments on Wistar rats, taking advantage of the presence of
superficial glomeruli (24.6 mri Cl and 35.8 mvt Na [6]) or using a
stop/pulse flow method with a conductivity microprobe (27 mM
NaCI [5]). Even if several combinations of [Na]1, [K]1 and [Cl]1 can
equilibrate the Na:2C1:K cotransporter in macula densa cells, the
intracellular ionic concentrations obtained at equilibrium are
expected to be independent of the various combinations of the
three luminal ions that are producing the equilibrium. Conse-
quently, the right hand side of Eq. 5 always equals to (20 X 5 X
14.32 mM4) whenever equilibrium is reached and can be used to
find different equilibrium luminal concentrations. For example, in
the presence of 3.5 mrvi K and equal Na and Cl concentrations,
one finds an equilibrium [NaClJ1 of 18 m. As the expected
[NaC1]1 at the macula densa level is about 10 m higher than this
value (25 to 30 mM), macula densa cells are predicted to reabsorb
NaCl under physiological conditions. In terms of [Cl]1, the apical
cotransporter is operating between the equilibrium concentration
and its KM for CI. In addition, the estimated equilibrium [NaCI]1
correspond closely to the concentration required for initiating
tubuloglomerular feedback signals in micropuncture experiments
[13].
In conclusion, it is possible to determine the Na:2Cl:K equilib-
rium [Cl]1 by the fluorescence method presented in this paper
when a specific blocker of the transport system is available and
when [Cl]1 affects pH1 mostly through cotransport. This procedure
provides an estimate of equilibrium [Cl]1 that does not depend
upon the calibration procedure and is independent of the actual
values of pH1 obtained in this study. In the case of macula densa
cells, the apical Na:2Cl:K transporter was predicted to reverse at
a [NaC1]1 of 18 mi which corresponds to the minimum [NaC1}
required to elicit tubuloglomerular feedback signals. When the
apical Na:2Cl:K transporter was inhibited or in equilibrium, [CI]
was capable of reaching values as low as 5 m. Under physiolog-
ical conditions, the macula densa apical Na:2Cl:K cotransporter is
exposed to [C1]1's between the equilibrium concentration and the
apparent KM for this ion; a domain of [Cl]1 where the Na:2C1:K
transport rate is relatively low but very sensitive to a rise in [Cl]1.
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